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Powder XRD

reflection overlap
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Electrons as a radiation source
Ewald sphere
A=1.0 A * Accelerating voltage: 100 to 300 keV
« Wavelength: 0.0251 A @ 200 keV

* Probe electrostatic potential

A=0.025 A

» Strong interaction (10° stronger than X-rays)
* Require small samples (< 1 um)

* High vacuum (<103 mbar)



JEOL JEM-2100-LaBg

f &= Condenser
lenses

Iy, Y l

objective
aperture

- Goniometer

Objective

_Intermediate
+ projector
lenses

|

»

Objective
aperture

Electron ‘diffractometer’

Sample

Objective lens

Back focal plane

Intermediate image

Intermediate lenses
+ projector lens

Detector

Diffraction pattern

SAED
aperture



Single crystal electron diffraction

Limitations

Dynamical (multiple) scattering
Beam damage
Missing wedge

Goniometer mechanics

Filling the gaps:
— Beam tilt (RED)
— Precession (ADT, pEDT)
— Continuous rotation
(fast EDT, microED, IEDT, CRED)

More than 200 structures solved (Yun et al., IUCr] (2015), 2:267 )




Fine slicing using beam tilt (RED)
Zhang et al., Z. Krist. (2010), 225:94
Wan et al., J. Appl. Cryst. (2013), 46:1863

Tilt range: up to 150°
Goniometer tilt: ~2.0°
Beam tilt: ~0.1°
30-60 minutes



Fine slicing using beam tilt (RED) Continuous rotation method (CRED)
Zhang et al., Z. Krist. (2010), 225:94 Nederlof et al., Acta Cryst. D (2013), 69:1223
Wan et al., J. Appl. Cryst. (2013), 46:1863 Nannenga et al., Nat. Methods (2014), 11:927
Gemmi et al., J. Appl. Cryst. (2015), 48:718
Wang et al., Chem. Commun., (2017), 53:7018

Detector
readout time

N

Tilt range: up to 150° Tilt range: up to 150°
Goniometer tilt: ~2.0° Oscillation angle: 0.1-0.5°
Beam tilt: ~0.1° Rotation speed: 0.5-2.0°/s

30-60 minutes 1-5 minutes



Rigid frameworks

109.%) | 145°

What are zeolites?

Microporous
Aluminosilicates

Catalysis

Dessicants

Molecular sieves

Gas separation

Gas traps

Detergents

Cracking processes
Nuclear waste treatment
Pet litter /
Soil additive L : H,0

template
DeNOx

Na*, Cu?*, Cr?*, K*, ...




Example: Mordenite

Zeolite
Porous aluminosilicate

Si48096

0 nm

Orthorhombic Cmcm
a=18.11A
b=20.53A
c=7.528 A




Mordenite

Rotate: -43.90° to 58.65° @ 0.45°/s (102.55°)
Exposure: 0.5 s, oscillation angle: 0.23°

Data collected with M.O. Cichocka (Stockholm University)

10



Structure refinement

Data reduction XDS
® Compl. (Cmcm) 93.6 %
|/o 6.25
. Resolution 0.80 A
Romeas 0.108
350 150 R,ps 0.088
= Rexp 0.087
S 100
. Refinement ShelXL

Reflections (unique) 1585
Reflections (F>40(F,)) 1140

50 |

R1 (F >40(F,)) 0.158
R1 (all) 0.175
Parameters 96
Restraints 0

S % 100 50 GOOF 1.611

\/(I calc)

Refinement by M.O. Cichocka (Stockholm University)



Framework structure

Si—0 1.614 +0.012 A
Si—O—Si 109.5 + 1.9°
0—Si—0 153.3+12.0°

Rigid frameworks

109.5f> | 145°

template

Na*, Cu?*, Cr?*, K*, ...

12



Structure determination using X-rays and electrons

SSZ-45; S. Smeets et al.,
Chem. Mater., 2014

CIT-13; J.H. Kang et al.,
Chem. Mater., 2017

SSZ-61; S. Smeets et al.,
Angew. Chem., 2014
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SCM-14; Y. Luo et al.,
Chem.-Eur. J., 2017

SSZ-87; S. Smeets et al.,
J. Am. Chem. Soc., 2015

SSZ-70; S. Smeets et al.,

\ J. Am. Chem. Soc., 2017 )

IM-18; M.O. Cichocka et al.,

\ Cryst. Growth Des., 2018 )
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Outline

e Zeolite IM-18

— RED + HRTEM + XRPD

e Zeolite SSZ-70

— HRTEM + XRPD + NMR
e Serial electron diffraction

— Structure determination

— Phase analysis
— Screening

\_

—
100 pm

SSZ-70; S. Smeets et al.,

\ J. Am. Chem. Soc., 2017 /

£
=
=0 <8 \\
8o 080 -
- el
1l “'

IM-18; M.O. Cichocka et al.,

\ Cryst. Growth Des., 2018 /
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Zeolite IM-18

M.O. Cichocka, Y. Lorgouilloux, S. Smeets, J. Su, W. Wan, P. Caullet,
N. Bats, L.B. McCusker, J.-L. Paillaud, and X. Zou. Cryst. Growth Des.,
18(4):2441-2451, 2018



LEl 1.0kV. 1lum WD 7.9 mm &
, 74

Germanosilicate IM-18

Y. Lorgouilloux, et al. French patent 2,923,477 (2007)

CHy

N N
\ 7/
CH,
4-Dimethylaminopyridine (DMAP)

In-situ PXRD

(GesSis) (GeySis)

©
o - g
g Pl ... . O WY,
R

S, X

100 50 0 -50 -100
& (ppm) 10 15 20 25 30
19F MAS-NMR

M. O. Cichocka et al., Cryst. Growth Des., 18(4):2441-2451, 2018 16



Rotation electron diffraction

Tilt range (°) 119.46 (-66.83 t0 52.63)
Tilt step (°) 0.2°

Exposure time/frame (s) 1.0

No. of frames 649

Crystal size (um) 0.66 x0.74

Resolution (A) 1.05

Completeness (%) 89.9

Reflections 1265

Index Bragg spots

Orthorhombic Imma / Im2a

a= 531A a =89.79°
b=15.07 A 8 = 88.81°
c=17.06 A v =90.35°

hkl:h+k+1=2n
hkO:h =2n,k = 2n

M. O. Cichocka et al., Cryst. Growth Des., 18(4):2441-2451, 2018
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Average framework structure from SHELXS
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Average framework structure from SHELXS

Monoclinic P2, /m
a=10.336 A, b=14.984 A, c=17.734 A, 8 = 106.94°

19



Selected area electron diffraction

a*-direction

'

----
.......

UOIId3IIP-,D

[
ot
[
I 1]

""""

b* T_a.*

[100] [010] [001]

Monoclinic P2;/m
a0=10.336 A b=14.984 A, c=17.734A, 8 = 106.94°

M. O. Cichocka et al., Cryst. Growth Des., 18(4):2441-2451, 2018 20
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HRTEM

M. O. Cichocka et al., Cryst. Growth Des., 18(4):2441-2451, 2018



HRTEM

5, AsVystystys vyt

s @y

(3]
[ '.g l"".'-.l""-.l"«' ¥ " 1 .
1 1 ' ‘ . . — " . . ..
A

-‘"-._l".‘.-‘m".l " 1 "'-I\"-‘I'.‘.,‘ ".‘ )
Pyt J ‘ 1)
iy Ly

M. O. Cichocka et al., Cryst. Growth Des., 18(4):2441-2451, 2018 26



Structure refinement

Complete the structure
* Locate F
* Locate the template
* Locate Ge

___.l_l___) ' PUJJIHUU*JMMb“@'JMWﬁm P 21/ m
R L -  Calculated a = 10.5089(5) A
L) AL AN A ' Y St , b= 14'9425(5)'&
Difference
bt c=17.7775(7) A
s 10 5 20 25 30 % 40 6 = 107.323(4)°
20 (deg) (A=0.7294 A)

M. O. Cichocka et al., Cryst. Growth Des., 18(4):2441-2451, 2018 27



Summary IM-18

e Structure of IM-18 determined by combining methods
— RED — Average structure
— SAED — Disorder
— HRTEM — Short-range order
— XRPD — Structure completion
— Model validation

e New zeolite framework topology

e Experimental evidence for 2D stacking disorder

28



Zeolite SSZ-70

S. Smeets, Z.]. Berkson, D. Xie, S.I. Zones, W. Wan, X. Zou, M.-F. Hsieh,
B.F. Chmelka, L.B. McCusker, and C. Baerlocher. J. Am. Chem. Soc.,
139(46):16803-16812, 2017



Zeolite SSZ2-70

Stacey Zones and Alan Burton, US Patent 7,108,843 B2 (2006)
Molecular sieve SSZ-70 composition of matter and synthesis thereof

Pure silicate Heat treatment . Calcined
>500°C
Borosilicate SSZ-70
Aluminosilicate Delgm—_
"t UCB-3 (Al)
UCB-4 (B)

UCB-3 delaminated zeolite with shorter sheets

Rate of reaction,

~C

Catalysis: aromatic alkylation

LT a.
= _ET"D‘-_D_
Ty "E"--:__El
2 *=- UCB-3
E
g
w0104~ o
S | _ S v -%_q
o e llelIe e AISSZ-70
g 7T A-MCM-22
0.00 T T T
0 100 200 300

Time on stream, min

Runnebaum et al., 2014, ACS Catal., 4, 2364
30



As-made Calcined

P63/mmc P63 /mmc
a=14.22 A a=14.23A
c=53.79 A c=49.81A

W Calcined




Electron diffraction (as-made)
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HRTEM (as-made)

Stacklng dlsorder along [001]

Collected by Wei Wan, Stockholm University, SE

MWW:-layers

| Lt
--MSM: SRR

‘./\ F;\‘Ir’\

v g Moy So g S g A

L ER 2 bt

>0O0O>»0>E>®>m>

Stacking faults
0 +% +%
||

'Izﬂ

iy

. .

. .

: —
.

sssssassnsans

fﬂff

sessnns

H:...

SSZ-70
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Solid-state 29Si MAS NMR

As-made

Calcined

\m ITQ-1

" g1
-85 -100 -105 -110 -115 -120 -125 -130
#5i chemical shift (ppm)

Hsieh, Aronson and Chmelka (2014)

-90 -100 -110 .120 -130
298i & (ppm from TMS)

Archer et al., 2010, Micropor. Mesopor. Mat., 130, 255
Camblor et al., 1998, J. Phys. Chem. B, 102, 44

35



Solid-state 29Si MAS NMR

As-made Calcined

~10% Q3
+
$57-70
20% Q3 >
80 50 \)%“‘Sisrpp;lm 120 130
ﬁ\ ITQ-1

R [ i VA
85 90 -95 -100-105-110-115-120 -125-130
#5i chemical shift (ppm)

-90 -100 -110 .120 -130
298i & (ppm from TMS)

Archer et al., 2010, Micropor. Mesopor. Mat., 130, 255
Hsieh, Aronson and Chmelka (2014) Camblor et al., 1998, J. Phys. Chem. B, 102, 44 36



Model for SSZ-70 +14

—

Collapses
upon calcinatign

As-made SSZ-70 Calcined SSz-70




Disorder model

Random arrangement 0 +% +%
of MWW layers
Al
P(A-> A)=0% B
P(A > B) = 50% Al
Al
5
Al
A B
A C
@ A Al
A C i
A A
X+%, y+Vs X+%, y+7%s
ITQ-1 $5Z-70

P(A > B) = 50% P(A > C) = 50%



Simulations using DiFFaX

Random arrangement
of MWW layers

P(A > A) = 0%
P(A - B) = 50%
P(A - C) = 50%

M

Wl

‘U \q.¥w'L,/u’\/JMU ‘\_,_/H"J Uﬁ\““ \u.

RESPRIE T SIS SR N VT YR S SONSIy ST S S Observed

i N o oA i A i A AR e e P C a I Ccu I ate d

I ¥ T

0 5

10

15 20 25 30

26 (°)

DiFFaX: Traecy et al., 1991, Proc. R. Soc. Lond. A, 433, 499

>O>0O0®®>EE>E>m>

0 +)%5 +%

$SZ-70
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Interlayer reg

Model 1

Model 2
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2D DNP-enhanced ¢ — 9 ‘
J-mediated 2°Si{2°Si} NMR R S

Si2b/Si2a
——Sibb/

Si7a/SiTb/

Sizb — | Siga/Sisb
"

2Si{H}
CP MAS

Nanopore
defect

1
] 1 !
1 ' L
' o '
] 1
| ; e ' '
S I ] 1 J 1 '
Q | ! d T )
. . | ' e !
projection ™~ 17T 120 L™
\ P i ' [R=T ' i
i P ! ! D L]
wnr oy ;Ogl wr o :tn. (o] ;O () e
35 ] ! ) ==
ppm i 58 o% 8188 ceE IS
E I I :17': woy Ly v le e e R
' (]
' " i '
! ' ' ! ' !

- 240

- 220+

- 200+

Model 1

{29Si double quantum (DQ) shift

' -100  -110 _ -120  ppm
2Sj single quantum (SQ) shift

Zach Berkson and Brad Chmelka, UC Santa Barbara, USA
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2D DNP-enhanced Q*

I 1 H @ ’ SiTa/Sa *
J-mediated 2°Si{2°Si} NMR T
sioh 51271 L i Si7aiSi7bl
25i{1H} : i Si8a/Sisb
CP MAS

Nanopore
defect

'
:l i
1 h 1
: :: t 1o Y
[ L '
! 1 : : . i
] |
: l: : : 1 : |
SQ . '
A !
projection P = :
[ L = !
- 2t hnEa }
Lo R = T B = o M TR = Lo T = TR+ B = R =
m ' KN oo <2 v, ©'od I Vv o —
@D omOY, O, 00Ty i~ PSS
- R R
: : | 1 :II : \
o ' ) VLo i
1 ! i
4 -

- 220+

- 200+

Model 2

122Si double, quintum (DQ) shift

' -100  -110 _ -120  ppm
2Sj single quantum (SQ) shift

Zach Berkson and Brad Chmelka, UC Santa Barbara, USA
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Interlayer region

Model 1

50%

Model 2

50%
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Structure of calcined SSZ-70




Summary SSZ-70

e Structure of SSZ-70 determined by combining methods

— HRTEM - Short-range order
— XRPD - Long-range order
— 2D NMR = Nanostructure

e New stacking arrangement of MWW-layers

e Mixed silanol sites at the nanoscale can help explain
enhanced catalytic behaviour of SSZ-70
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Serial electron diffraction



Serial electron diffraction

T 1 P 1
TTE
\_/
a
3 -
Randomly oriented crystals Collect data ~3000 crystals/hour

1 crystal = 1 diffraction pattern

Combine data from many crystals




gt

ASI Timepix @ 120 Hz

Neural network —
Modular GUI o Microscope control
JEOL J£MQ 100-
Live view — LaB @ 200 keV
| Instamatic 1
Calibrations k—rr
_

Crystal finder

Continuous rotation Serial electron
| electron diffraction diffraction

DIALS indexing server

tiff (patterns + images)

REDp (.ed3d, .mrc) .hkl files

Phase analysis
Input files Source code: http://github.com/stefsmeets/instamatic

XDS (XDS.INP, .smv)
DIALS (.bat files)

48



GUI for data collection

@ instamatic w0.6.0

fps:

exposure (s)

0.05

interval (ms): [ Increase size Auto contrast

?iBrightness 1.0 :jDispIayRange 1800 =

Save image

Input/Output
Directory:
Sample name:

Flatfield:

Open work directory

cRED autocRED serialED RED ctrl learning expert about

- O
Cihinstamatichwork_2018-06-13 Browse..
experiment 1
Cihinstamatichflatfield tiff Browse..

Continucus rotation electron diffraction

Exposure time: 0.3 =
Image interval: 10 =
Diff defocus: :

Exposure (image):

Select output formats:

Start Collection

Open settings directory

Liff
DIALS {.smv)

Delete last experiment

[] Beam unblanker

[] Enable image interval
Toggle defocus

Relax beam

49



Data collection (Zeolite Y)

images\image_0000.h5

data\image_0000_0000.h5

50



Data collection (zeolite A)

Imaging i Diffraction

Stage map
b R R P -
oo o ‘E.,jg A"-‘ 2 um

X Locate crystals Collect data

200 x 200 pm
484 images
35 minutes

51

‘ Probe size ~500 nm Total: 1107 patterns



Serial electron diffraction

=P o Structure determination?
e Phase analysis?
e Screening?

52



Structure determination: orientation finding

e Forward projection model using known lattice parameters
e Generate pattern library of all possible orientations (~1.5M in P1)
e Match best orientation and index data

al: 0.96, be: 0.78, ga: 0.81 al: 0.98, be: 0.80, ga: 2.90
score = 7363.9, scale = 251.6 score = 11996.2, scale = 251.1
proj = 700, phase = LTA proj = 732, phase = LTA

100 100 100

200 200 200

300 300 300

400 400 400

500

500
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

500

Source code: o ]
www.github.com/stefsmeets/problematic Based on: Rius et al., 1IUCr] (2015), 2:452 53




Structure determination: Data Merging

Challenges
e Scaling
e Dynamical effects
e Reflection partiality

Retrieve AT

S. Smeets & W. Wan, J. Appl. Cryst. (2017). 50, 885-892
www.github.com/stefsmeets/serialmerge

— =i
ranking

SerialMerge — rank-based merging
e Avoid scaling

e Avoid modelling intensities

e Robust with low quality data

1200 -

Apply 800 -
| F| histogram

400 -

SHErE 200 -
i 2

54
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Structure determination

¥ ole — X
File Edit View Structure Mode Tools Model Select Help

=0 e

-1 : Solution
RN B 155.4["" Merged!

n/a n/a

TE - ____n/al
[Home [ 1o [view ools

Ralpha=0.15, Naual=0.0, CFOM=0.18 Auto[] [Assign

7 solution Program ShelXS ~|
3 solution Method | Diect Methods.

7 Reflection File | shebe hkl

) chemical Composition [siioz

@ zanaz' AtomicVol. =259 4° 7

1} space Group Suagest 56

1 | Solution Settings Extra

[ Toolbox Work
) Labels  |Labels OFFION

0[sila] ...
@ 5C|BH| | £] K C | [V [
) Split atoms you click next with o Restraint EADE 150R SHMU

) Select group or atomis) and then Sl Fil Split or Move with SHIFT key
© [Electron Density Map i
) |Peak & Uiso Sliders

) |Growing

@ |Finishing

History
Select
Naming
Sorting
Try# Semiy
0 63717356 00024
0 0 1920187 00174041
0.234 0 253587 00038731497
0.268 0 465507 00004074641
0.274 0 367727 00268435455
0.276 0 1731971 00268435455
There are 46 more tries

Zeolite A
Fm3c

a = 2461A
SiggAlgeO3g4

Z =192

200 frames

Reflections
Total: 19804
Unique: 227

d. . 1.03 A
Compl.: 100%
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Structures solved

Zeolite A
Fm3c

a = 2461A
SiggAlgeO3g4

Z =192

Zeolite Y
Fd3m
a = 24.74 A

Si1970384
Z =192

Direct methods
ShelXS

Mordenite
Cmcm

a=1811A

b =2053A
c=753A
SizoAlgOgq

Z =16

Ge-BEC

P4, /mmc
a=12.82A
c=13354A
Si/Ge3,0¢,
Z =16

Paulingite
Im3m
a = 35.08 A
Si67201344
Z =96
Dual-space methods
FOCUS




Serial electron diffraction

e Structure determination?
=) ¢ Phase analysis?
e Screening?

57



Co-CAU-36

Phase analysis

h5

image_0342_0002.

data\

image_0342.h5

images\

Scan 200 x 200 um in 30 minutes

1202 diffraction patterns

58

Sample from Bin Wang & Ken Inge (Stockholm University)



Phase analysis: Co-CAU-36

data\image_0201_0004.h5
.

EDS

2000

1800 —

CoKa

1600 —

1400 —

1200 —

1000 —

Counts

800

FKa

data\image_0280_0012.h5 data\image_0450_0002.h5

— o0 |
£ =
‘. v 400 -
- : ] 200 |
% ¢ : i
Y 0.00 100 2.00 200 00 500 00 .00 2.0 500 10.00
% kev

data\image_0469_0001.h5

CoLa FiLl gir,, Cll

data\image_0468_0003.h5

1202 diffraction patterns
500 contained reflections -> 6 impurity crystals

59



Phase analysis: Co-CAU-36

34.45 to0 -13.79°
Oscillation angle: 0.23°

XDS

P6;mc
> a=3.10Ab=545A

1.5 min data collection

Wurtzite structure (CoO)

60



‘Quantitative’ phase analysis

Co-CAU-36: ~99%
494 patterns

CoO (wurtzite): ~1%
6 patterns

61



Serial electron diffraction

e Structure determination?
e Phase analysis?
= ¢ Screening?

62



Screening: Mordenite

images\image_0074.h5 data\image_0074_0000.h5

Scan 200 x 200 pm in 24 minutes
836 diffraction patterns (2090 / hour)

63



Screening: Crystal selection

Crystal selection

1. Find isolated crystals
* Must be 0.5 um away from edge
* Nocrystalsin 1.5 um radius

2. Select most suitable crystals
* Machine learning (CNN)

64



Screening: Machine learning

e A deep convoluted neural network trained on ~78.000 diffraction patterns
predicts which crystals are suitable for collecting CRED data

Prediction: 1.0 Prediction: 1.0 Prediction: 0.26 Prediction: 0.25
0 0 "z =
s £ J )

Jonas Angstrém (Stockholm University) 65



Screening: 6 of the '‘best’ crystals (53)

frame: 83, crystal: 2, size: 0.059 pm? frame: 104, crystal: 1, size: 0.163 pm? frame: 188, crystal: 2, size: 0.351 pm?

frame: 230, crystal: 1, size: 0.060 pm? frame: 252, crystal: 1, size: 0.350 pm? frame: 419, crystal: 1, size:r 0.441 pm?

66



Screening: 6 of the ‘worst’ crystals (53)

frame: 82, crystal: 1, size: 0.085 pm? frame: 253, crystal: 1, size: 0.112 pm? frame: 392, crystal: 2, size: 0.250 pm?

-

©

Prediction: 0.0

frame: 400, crystal: 2, size: 0.069 um? frame: 430, crystal: 1, size: 0.121 ym? frame: 449, crystal: 3, size: 0.040 pm?

@ e | . A
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Microscope control

JEOL JEM-2100-
LaB @ 200 keV

Neural network —
Modular GUI DaE—
Live view DE—
| Instamatic
Calibrations — (Python3.6)
_

Crystal finder

Continuous rotation Serial electron
electron diffraction diffraction

Dials indexing server

tiff (patterns + images)

REDp (.ed3d, .mrc) .hkl files

XDS (XDS.INP, .smv) Phase analysis
DIALS (.bat files) Input files

Camera interface

ASI Timepix @ 120 Hz

Source code: http://github.com/stefsmeets/instamatic
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) Rotation: -44.0 to 47.4° @ 0.76°/s (91.4°)
Automated data collection Exposure: 0.5 s, oscillation angle: 0.39°

Data collected by Bin Wang (Stockholm University)
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Conclusions

Electrons are very well suited for structure determination
— Reliable crystal structures can be obtained
PXRD data are valuable for

— Structure validation against bulk material
— Structure completion (e.g. cations/templates/adsorbants in zeolites)

Combination of methods is essential to find all the details

SerialED data can be collected routinely & automatically

— Structure determination
— Phase analysis
— Screening

Future: Combined SerialED and CRED for automated crystal picking and data collection
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